High quality drinking water exits modern treatment works, yet water quality degradation such as discolouration continues to occur within drinking water distribution systems (DWDS). Discolouration is observed globally, suggesting a common process despite variations in source, treatment, disinfection and network configurations. The primary cause of discolouration has been identified as mobilisation of particulate material from pipe walls and the verified Prediction of Discolouration in Distribution Systems (PODDS) model uses measurable network hydraulics to simulate this response.
INTRODUCTION
Extensive research and development combined with stringent regulations has ensured that consistently high quality water exits modern treatment works. Yet water quality failures, such as discolouration, remain a worldwide phenomenon (Vreeburg & Boxall ) and a primary cause of customer dissatisfaction regarding water quality (Prince et al. ) . This water quality degradation must arise within the high-surface area, complex physical, chemical and biological reactors that are drinking water distribution systems (DWDS). Discolouration occurs across networks despite variations in source water, treatment processes, disinfection residuals and distribution configurations (materials, diameter, ages, complexity of layout, etc.) . This suggests a common governing process.
In the UK, water companies are now accurately simulating and predicting the hydraulically mediated discolouration response of DWDS pipelines using the empirically validated Prediction of Discolouration in Distribution Systems (PODDS) model (Husband & Boxall ) .
PODDS is based upon a 'cohesive layer theory', which proposes that layers of particulate material with a defined profile of shear strength properties accumulate continuously on pipe walls and are conditioned by hydraulic shear stress forces. Although a constant low-level background concentration of particulate material exists in the bulk water (Verberk et al. ) , elevated concentrations that are visible to consumers are considered to be a result of rapid material mobilisation from the accumulated layers occurring when the system shear stress exceeds the conditioned state. This paper explores the hypothesis that biofilms govern the processes of accumulation, composition and ultimately cohesive-strength properties of discolouration-material and that during mobilisation events the PODDS model is effectively describing biofilm erosion. Support for this hypothesis is drawn from research conducted by the authors, including extensive fieldwork studies regarding the world-wide application of PODDS and laboratory studies using a full-scale test facility incorporating detailed and novel microbiological analysis of DWDS biofilms. By acknowledging that biofilms are integral to DWDS material accumulation at the micro-scale, and that the macro-behaviour of discolouration (i.e. turbidity observed throughout a DWDS) can be modelled, holistic network and treatment strategies can be considered and assessed to safeguard the long-term efficient supply of drinking water.
MODELLING DISCOLOURATION: PODDS AND ASSOCIATED FIELD WORK
Water companies have historically controlled/managed discolouration by replacing mains, re-lining pipes, invasive cleaning and/or flushing. All of these are typically expensive and logistically challenging. Figure 1 (a) shows a section of an 800 mm trunk-main just 12 months after robust invasive cleaning. Although qualitative, this image shows the presence of material around the entire circumference and indicates a limited short-term benefit of stand-alone cleaning. Three years later, an investigation of the same network reported that discolouration risk was returning to the levels recorded prior to the £25 million cleaning program. This information supports the concept that material accumulation is an ongoing process. Periodic maintenance is therefore required, but optimal frequencies and strategies have yet to be established. By demonstrating that was actually targeted to provide a high factor of safety) is necessary to allow the main to remain operational throughout the flushing-trial, a benefit of this non-invasive strategy.
A steady rise in turbidity occurs from all trials at Study-site 1 with the peak turbidity at the end of the first pipe turnover ( Figure 1(b) ). This finding is consistent with observations from PODDS studies and can be explained by the PODDS concept; when the flow is increased, initial weaker layer material is eroded and transported away in the bulk flow, particle counter) and the turbidity from the first of the three flushing-trials from Study-site 1. The data highlight that mobilised material is dominated by particle sizes <10 μm and that the percentage distribution of particle size is consistent across the duration of the flush. Such consistent particulate size response has been observed irrespective of the applied shear stress; there is no evidence of greater particle size with greater mobilising force. This confirms that self-weight is not dominant in defining cohesive strength. Such small particle sizes result in the requirement for almost quiescent conditions for prolonged periods for the material to deposit, again suggesting selfweight is not a dominant process (Boxall et al. ) .
These observations indicate that gravitational (sedimentation) based discolouration models are not valid. Note that the short section of iron main also impacted the particle sizing with a significant increase in numbers of particles (matching the turbidity) supporting the addition of discolouration material resulting from corrosion processes, but not the percentage distribution of particle size (see the peak in Figure 1(c) ).
Overall for this first example site, the increases in turbidity and particle counts are evidence that a discolouration risk exists even on a relatively new (<5 years in service) trunk-main pipe. Furthermore, a discolouration response was observed for each of the three repeat flushing-trials, suggesting that material generation between each trial was rapid, occurring even within just a few weeks (Figure 1(c) ). In this study, the 8 l s À1 (0.52 N m À2 ) increase represents a 53% flow (116% force) increase and for increases in force of this magnitude a turbidity response would be expected, even allowing for a short generation period. The reliability in response to successive flushing events indicates that a consistent generation (and mobilisation) process exists. Of note is that for the third flushing trial the background flow was higher than previous trials due to network changes, hence increased mobilisation (NTU) and a quicker turnover time were observed when the same additional demand was added. This change in site conditions is an example of the lack of control and hence variable study conditions typically experienced when investigating operational DWDS. One way to overcome this is to use laboratory studies to investigate discolouration processes.
Combining field and laboratory experiments helped confirm the PODDS shear stress and material layer concept (Husband et al. ) .
Sample analysis during flow trials has consistently
shown a site-specific correlation of mobilised turbidity and metal concentrations. Figure 1(d correlation is ongoing, with initial findings linking source water quality and a ferric coagulation treatment process.
From this it is recognised that discolouration management is not solely the concern of DWDS operators and that treat- Further support implicating biofilms in discolouration comes from laboratory trials by the authors within a temperature controlled, full-scale pipe test facility, with hydraulic controls and water quality monitoring equipment. In brief, the facility (Figure 2(a) On the micro-scale pipe surface, coverage is not homogeneous, as evident in Figure 2(d) . Hence the mobilisation described by PODDS is not realistic at this level. The success of the PODDS model is therefore likely due to the large pipe surface area responding to hydraulic changes with the generalised (macro) behaviour that is observed.
The presence of biofilms also provides possible processes that can explain the accumulation of inorganics at the pipe wall. Biofilms are complex structures with function and integrity derived by EPS, which has been shown to have inorganics associated with it (Laspidou & Rittman ) .
The presence of EPS could also explain how microbially diverse communities can produce the consistent discolouration response observed to hydraulic changes. Hydraulic release it when detached, mirroring the discolouration behaviour described by PODDS and helping explain the metal and turbidity correlations shown in Figure 1(d) . Chemical analysis also supports inorganic incorporation via EPS, as anionic groups are present that can cause a cation exchange potential, such that metal ions will bind to EPS (Flemming ) .
Furthermore, increased biofilm activity has been associated with increased iron and manganese deposition (Ginige et al. ) . This work suggests that limiting EPS production, in addition to minimising inorganic loading, is therefore likely to be effective in controlling discolouration. Further work is required to investigate different methods to achieve this, for example disinfection to restrict microbial viability and hence EPS production, limiting essential growth nutrients, or other mechanisms that may perhaps limit biofilm development by restricting the proliferation of the key bacterial EPS producers. 
FUTURE RESEARCH

CONCLUSIONS
Discolouration is a worldwide issue in DWDS. The mobilisation of particulate material from the pipe wall that causes discolouration may be simulated by the PODDS model through consideration of the force balance between the material layer properties and pipeline hydraulics. Research findings highlight biofilms, and specifically the EPS component, as a common feature governing the generation, composition and cohesive strength characteristics of the material layers on pipe walls that cause discolouration.
PODDS modelling of the discolouration process is therefore effectively modelling the cohesive strength behaviour of biofilms. Applying PODDS techniques therefore facilitates rapid and simple assessment of DWDS biofilm activity.
Combining the growing understanding of the impact of hydraulic conditions and continued research to elucidate microbial diversity and function will lead to improved understanding of biofilm behaviour. This can then help inform future network and treatment strategies to safeguard and optimise drinking water supply.
